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1. Introduction 
The monooxygenase system of the endoplasmic 
reticulum of liver cells plays a major role in the metab- 
olism of xenobiotics and of steriods. An important 
question of current debate is how the components of 
the system (various distinct molecular forms of cyto- 
chrome P450 and the flavoprotein, cytochrome P450 
reductase) are organised in the membrane [l-3]. Do 
long-lived complexes (e.g., ‘clusters’ [3]) of compo- 
nents occur, or do random and transient collisions 
between components fully account for enzymic activity? 
Chemical cross-linking is a technique that is used 
to determine which components of a system of several 
macromolecules can be in close physical association 
with each other. We have developed a cross-linking 
method involving cupric ions that brings about the 
cross-linking of two particular forms (viz. form 4 and 
form 6) of rabbit-liver cytochrome P450 into homo- 
dimers (form 4 f form 4; form 6 t form 6) and hetero- 
dimers (form 4 t form 6) 14-61. Oligomers larger than 
dimers have not been seen. The reaction is remarkably 
specific to these two proteins and can be used in intact 
microsomes. These forms of cytochrome P450 are 
induced by treatment of rabbits withy-naphtho~avone. 
For this reason cross-linking is largely restricted to 
microsomes prepared from rabbits so treated, and is 
not seen to great extent in microsomes prepared from 
untreated or phenobarbitoneinduced rabbits. Addi- 
tional techniques are required in order to determine 
whether the interacting cytochromes pre-exist as 
dimers (e.g.,as part of a cluster of cytochromes P450) 
or whether dimers are formed after random collisions. 
We have attempted to resolve this question by 
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observation of the rotational diffusion characteristics 
of microsomal ~yto~hromes P450 before and after 
cross-linking of forms 4 and 6: ifthemolecules involved 
preexist as stable dimers or larger oligomers ,no change 
in the rotational mobility of the microsomal cyto- 
chromes P450 should be occasioned by cross-linking; 
if, on the other hand, cross-linking stabilizes transient 
dimers resulting from collisions,a change in rotational 
mobility should result because such mobility is strongly 
dependent on the diameter of the rotating species. 
Using this principle, a noncovalently-associated imer 
of band 3 in erythrocyte membrane was shown to pre- 
exist prior to cross-inking by cupric phenan throline 
171. 
A method for estimating the rotational diffusion 
of cytochrome P450 molecules in microsomal mem- 
branes has been successfully developed IS]. Photolysis 
of bound CO from the haem groups of a population 
of cy tochrome P450 molecules with a flash of hnearly- 
polarized light gives rise to transient dichroism at 
450nm.The subsequent decay of absorption anisotro- 
py is related to the rotational motion of cytochromes 
in this population by the following expression, if the 
reasonable assumption is made that rotation is about 
an axis normal to the rllen~brane: 
r(t) = A, exp(-Di,t) t A2 exp(-4D,,t) + A a (1) 
where r(t) is absorption anisotropy at time t after the 
flash, D,, is the rotational diffusion coefficient and 
A ,, A,, A3 are constants which depend only on the 
angle‘between the haem plane and the normal to the 
plane of the membrane 191. 
Employing both cross-linking and rotational diffu- 
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sion techniques in a series of parallel experiments, we 
find that cross-linking can be carried out efficiently at 
2O”C, at which there appears to be no measurable 
rotational movement of the cytochrome P450 mole- 
cules in the microsomal membrane for up to 400 ~.ts. 
We infer from this that all the cytochrome P450 mole- 
cules in microsomes from @naphthoflavorie-induced 
rabbits may participate in molecular complexes of 
some kind at this temperature, and that it is likely that 
the close association of different molecules of cyto- 
chrome P450 is permitted within such complexes. At 
35’C in such l~icrosomes and at 20°C in microsomes 
from phenobarbitone-induced rabbits some decay of 
flash-induced dichroism is observed. This indicates 
that not all of the cytochrome P450 molecules in the 
membranes are included in large molecular complexes 
under these latter conditions. 
2. Experimental 
2.1. Animals 
Male New Zealand White rabbits (1.7-2 .O kg 
body wt) obtained from Hop Rabbits Ltd., Chilham, 
Kent were used. Three animals were injected on 4 con- 
secutive mornings with 50 mg/kg i.p. of a 50 mg/ml 
crude suspension of ~-naphthoflavone (Aldrich, 
Milwaukee) in Mazola corn oil. Following the last dose, 
the rabbits were starved for 24 h prior to killing. Three 
further rabbits were allowed ad libitum consumption 
of drinking water containing 0.1% sodium phenobar- 
bitone for 7 days. These animals were also starved for 
24 h before killing. 
2.2. Preparation of microsomes 
The animals were killed by cervical dislocation and 
the livers from each group were pooled. Microsomes 
were prepared as in 161. This method includes the 
washing of microsomal pellets twice with a pyrophos- 
phate buffer of low ionic strength. The washed micro- 
somal pellets were resuspended in TEG buffer (0.01 M 
Tris, 0.1 mM EDTA, 20% (v/v) glycerol; adjusted to 
pH 7.4 at 20°C with acetic acid) to final cont. 12.5 
and 50 mg protein/ml for microsomes from P-naph- 
thoflavone- and phenobarbitone-induced rabbits, 
respectively. The microsomes were frozen in aliquots 
and stored at -2O’C. Transport from Canterbury to 
Zurich was carried out with the samples stored in 
solid COa. 
2.3. estimation of the cytochrome P450 and protein 
content of the microsomes 
Protein was estimated by the Lowry method [lo] 
using bovine serum albumin as standard. Cytochrorne 
P450 was measured as in [ 1 I]. Estimates of 4.2 and 
4.8 nmol/mg protein were obtained for the cyto- 
chrome P450 content of microsomes from the pheno- 
barbjtone- and ~-naphtho~avone-induced animals, 
respectively. 
2.4. Cross-linking of cy tochrome P4.50 with cupric 
Suspensions of microsomes (270 11 at 12.5 mg/ml) 
were diluted by thorough mixing with 550 1.11 of a 
solution of 70% (w/v) sucrose made up in TCEG buffer 
(0.05 M Tris, 0.01 mM EDTA, 20% (v/v) glycerol; 
adjusted to pH 8.0 at 20°C with HCl). The samples 
were then preincubated for 5 min at 20°C. 
Cross-linking was achieved by adding 100~110 mM 
CuClz and 50 ,ul2.5 mM o-phenanthrol~e. (150 ~1 of 
water was added to non-cross-linked control incuba- 
tions.) Incubation was for 1 min at 20°C. Sample pH 
was 7.5 at this temperature. The reaction was quenched 
by adding 50 ~12-mercaptoethanol. 
Under the above conditions no deterioration of the 
cytochrome P450 spectrum occurs. Such spectra were 
monitored throu~out the experiments to be described 
and no significant changes took place. There was also 
no evidence for the deterioration of the microsomal 
membrane by lipid peroxidation. Levels of malonal- 
dehyde both prior to and subsequent to cross-linking 
were <l nmol/mg protein (measurements by Dr C. 
Richter, ETH). 
2.5. Electro~~oretic separation of ~iicrosomu~prote~~s 
and estimates of extent of cross-linking 
Aliquots (135 ~1) were removed from the above 
samples andanalyzedby SDS-PAGE as in [6]. Staining 
was with Coomassie brilliant blue R (Gurr, stain 
009120). in model experiments stained gels were scan- 
ned with a Gilford 250 spectrophotometer and the 
above cross-linking conditions were found to displace 
17 f 2% of the stained material from region X of the 
gels (see fig.3), where all the different forms of cyto- 
chrome P450 are believed to be located, to the dimer 
region of the gels. it is not known what proportion of 
the proteins migrating in region X are in fact cyto- 
chromesP450,nor to what extent each protein in this 
region binds stain molecules. If, however, we assume 
a uniform uptake of stain and that 2/3 of the stain in 
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region X is due to cytochromes P450, we arrive at the 
estimate that -25% of all the cytochrome P450 mole- 
cules in the microsomes may be cross-linked. This is 
true only for microsomes derived from fl-naphthofla- 
voneinduced animals. Very little cross-linking occurs 
under these conditions in microsomes from phenobar- 
bitone-induced animals [4]. 
2 6. Measurements of absorption anisotropy 
The remaining portions of the microsomal samples 
were made 60% (w/w) with respect to sucrose and 
4.9 FM with respect to cytochrome P450 content by 
the addition of 2.0 ml 70% (w/w) sucrose in TCEG 
buffer. Sucrose was added in order to inhibit vesicle 
tumbling and to reduce light scattering. Samples were 
then reduced with several grains of sodium dithionite 
and bubbled gently with CO for 1 min. Decay of 
absorption anisotropy was determined as in [ 12/. 
Briefly, the sample was excited at 540 nm by a verti- 
tally-polarized light pulse of l-2 ps duration from a 
dye laser. Absorbance changes due to photolysis of the 
haem-CO complex were measured at 450 nm. About 
500 signals were cohected with a Datalab DL 102A 
signal averager and processed on a Hewlett-Packard 
9825A desktop computer. The data were analysed by 
calculation of the absorption anisotropyr(t) given by: 
r(t) = 
A,, 0) -4 0) 
A,, 0) + u, (t) 
where A,, (t),A,, (t) are, respectively, the absorbance 
changes at time t after the flash for light polarized 
parallel and perpendicular with respect o the polariza- 
tion of excitation. 
3. Results and discussion 
Following flash phptolysis of suspensions of micro- 
somes from ~-naphthoflavone-induced rabbits in 60% 
sucrose, a decay in absorption anisotropy at 450 nm 
is observed over 0.4 ms at 35°C (fig.1). However, 
almost no decay is observed at 22°C. Thus, it appears 
probable that most or all of the cytochrome P450 
molecules present in the microsomal membrane are 
immobile at the lower temperature. This contrasts with 
the situation in rat liver microsomes in which between 
l/2 and l/3 of the cytochrome P450 molecules present 
have measurable rotation in the ms time range at room 
Time in ms 
Fig.1. Time dependence of absorption anisotropy r(t) after 
flash photolysis of cytochrome P450-CO in microsomesfroln 
~-napllthonavone-induced rabbits suspended in 60% sucrose. 
The microsomes were not treated with cross-linking reagents. 
The curves are r(t) = 0.083 at 22°C (0) and r(t) = 0.028 exp- 
(-t/40 us) + 0.064 at 35’C (0). 
temperatures (IS]; S. K. unpublislled), A decay in 
absorption anisotropy is seen when microsomes from 
phenobarbitone-induced rabbits are used (fig.2). As 
rotational mobility is strongly dependent on the diam- 
eter of the rotating species, the simplest explanation 
for the lack of observable rotational movement of the 
cytochrome P450 molecules in microsomes from fi- 
naphthoflavone-treated animals at 22*C is that the 
cytochromes are integrated into molecular aggregates 
or complexes of some kind. 
In order to gain some insight into the relative sizes 
of the freely-rotating and imlnob~e populations of 
cytochrome P450 molecules under the various exper- 
imental conditions used, the data have been analysed 
by curve fitting procedures. Since the accuracy of the 
Time in ms 
Fig.2. Time dependence of absorption anisotropy r(f) after 
flash photolysisof cytochrome P450-CO in microsomes from 
~-naphtho~avone-treated rabbits at 22°C (0) and microsomes 
from phenobarbitone-treated rabbitsat 20°C (+). The micro- 
somes were suspended in 60% sucrose. They were not treated 
with cross-linking reagents.The curvesarer(t) = 0.083 (0) and 
r(t) = 0.018 exp(-t/128 ys) + 0.062 (_b). 
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data does not justify use of the full equation (I), we 
employ the following simplified expression: 
r(t) = I31 expQ/lT1) + & (3) 
where T1 is a time constant related to the rotational 
diffusion coefficient, and B1, BZ are constants. 
When all the cytochrome P450 molecules present 
in the membrane are rotating, the expected time-inde- 
pendent residual anisotropy ratio,r(=-=)/r(O), is as fol- 
lows [9]: 
r(+(O) = A &(O) = Bz /r(O)= $(3coszBN - I)* (4) 
where we assume a I-fold symmetry of the haem plane 
at 450 nm, and ON is the angle between the normal to 
the haem plane and the membrane normal. When all 
the cytochrome molecules are immobile,r(m)/r(O)= I. 
Although the initial anisotropy, r(O), is a function of 
the laser flash intensity ,~{~)/~(O) is independent of the 
flash intensity in the case of linear and circularly sym- 
metric chromophores [13]. Model experiments with 
purified rat liver cytochrome P450 incorporated into 
lipid vesicles suggest hat r(m)/r(O)has a value of -0.2 
when almost ali the cytochrome P4.50 molecules are 
rotating [ 141. Here, measured values of B2 /r(O) are 1 
(in microsomes from /.I-naphthoflavone-treated rabbits 
at 22”(Z), 0.7 (in similar microsomes at 35°C) and 0.8 
(in microsomes from phenobarbitone-treated rabbits 
at 20°C). These large B2 /r(O) values suggest hat there 
are considerable amounts of imInob~isedor very slowly 
rotating cytochrome P450 molecules (T, > 5 ms) in 
rabbit liver microsomes. If we assume that the value 
of the ratio, r(-)/r(O), for freely mobile rabbit liver 
cytochrome P450 molecules is similar to that deter- 
mined for rat liver cytochrome P450, it may be esti- 
mated that around 2/3 of the cytochrome P450 
population are immobile in microsomal membranes 
from /.3-naphthoflavone-treated rabbits at 35’C and in 
microsomes from phenobarbitone-induced rabbits at 
2O”C, whereas virtually all the population is immobile 
at 22°C in microsomes from ~-naph~oflavone-treated 
rabbits. 
We have carried out cross-linking experiments in 
parallel with the above studies of decay of absorption 
anistropy. At 20°C a considerable extent of cross- 
linking of form 4 and form 6 cytochrome P450 to 
homodimers and heterodimers is permitted in micro- 
somes from ~-naphthoflavone-induced rabbits (fig.3). 
Ektrophoresis 
t 
I 
Region X 
Fig.3. SDSgele~ec~ropharesisof m~cro~mesfrom~-naph~ho- 
fIavone-induced rabbits (a) prior to and (b) subsequent to
cross-linking with cupric phenanthroline asin section 2. Bands 
D and E represent form 6 and form 4 cytochrome P450, 
respectively [S]. Bands A-C represent the following dimeric 
species: form 6 + form 6 (A); form 4 + form 6 (B); form 4 + 
form 4 (C). 
Model experiments (see section 2) indicate that around 
l/4 of the total cytochromes P450 in the microsomes 
are involved in dimer formation under these condi- 
tions. The lack of decay of ffash-induced anisotropy 
at 22°C indicates that there cannot be a significant 
subpopulation of cytochrome molecules which are 
freely rotating and thus independent of molecular 
aggregates at this temperature. This suggests that cross- 
linking is unlikely to be occuring between freely-dif- 
fusing molecules, but rather between cytochronles 
that are integral to the molecular aggregates. It would 
therefore appear probable that molecular complexes 
involving cytochrome P450in microsomal membranes 
permit the close mutual association of a substantial 
proportion of the participating cytochrome molecules. 
Since there is no decay in flash-induced absorption 
anisotropy at 22°C in microsomes from P-naphthofla- 
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vone-induced animals,no further information regard- 
ing the mechanism of cross-linking can be inferred from 
comparisons of absorption anisotropy at this temper- 
ature prior to and subsequent to cross-linking treat- 
ment . However, when decay of flash-induced dichroism 
is studied at 35°C in microsomes cross-linked at 20°C) 
almost no significant change in the decay is seen rela- 
tive to that in untreated microsomes observed at 35°C 
(not shown). This finding further supports the view 
that cytochromes P450 molecules in preexisting 
aggregates are cross-linked. 
We conclude that cytochrome P450 molecules in 
rabbit microsomal membranes demonstrate a propen- 
sity to become involved in molecular aggregates in
which contact between different cytochrome mole- 
cules seems to be permitted. This propensity is partic- 
ularly marked at lower temperatures in microsomes 
derived from /3-naphthoflavone-induced rabbits, but 
remains substantial at temperatures which approach 
the physiological value. A higher proportion of cyto- 
chromes P450 is mobile in microsomes from phenobar- 
bitoneinduced rabbits than in microsomes from p- 
naphthoflavoneinduced rabbits. This may result from 
the differing nature of the cytochromes present, or 
from differences in the membrane lipid phase. Studies 
of the fluorescence polarization of 1,6-diphenyl-1,3,5- 
hexatriene do not reveal any abrupt changes in the 
fluidity of the lipid phase of microsomes from fl- 
naphthoflavone-induced rabbits over 0-40°C that 
could account for the complete loss of observable 
mobilityofcytochromeP450at 22°C (P.RM.,R.B.F., 
unpublished). 
We have no information regarding the possible 
involvement of other proteins, such as cytochrome 
P450 reductase ,in molecular aggregates involving cyto- 
chrome P450. Our data are consistent with the ‘cluster’ 
model of [3] in which a number of cytochrome P450 
molecules are envisaged as being grouped around a 
centrally-located cytochrome P450 reductase mole- 
cule. This model was put forward to explain the 
biphasic kinetics of reduction of cytochrome P450, 
rapid phase reduction being thought to reflect reduc- 
tion of the cytochrome molecules within the cluster 
and slow phase reduction resulting from the reduction 
of satellite cytochrome P450 molecules which were 
postulated to occur in the unaggregated form free in 
the membrane. However, recent studies have indicated 
that rapid-phase reduction is limited by diffusion in 
the membrane, at least in a model system [ 151, and 
this is not consistent with the ‘cluster’ model as pro- 
posed. 
Clearly, further investigation is required to clarify 
the organisation of the components of this electron- 
transfer chain in endoplasmic reticulum membrane and 
the role of freely-rotating and immobile forms of cyto- 
chrome P450 in the monooxygenation of substrates. 
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